This study investigates phreatic eruptions at two similar volcanoes, Kawah Ijen (Indonesia) and White Island (New Zealand). By carefully processing broadband seismic signals, we reveal seismic signatures and characteristics of these eruptions. At both volcanoes, the phreatic eruptions are initiated by a very-long-period (VLP) seismic event located at shallow depths between 700 and 900 m below the crater region, and may be triggered by excitation of gas trapped behind a ductile magma carapace. The shallow hydrothermal systems respond in different ways. At Kawah Ijen, the stress change induced by VLPs directly triggers an eigenoscillation of the hyperacidic lake. This so-called seiche is characterized by long-lasting, long-period oscillations with frequencies governed by the dimensions of the crater lake. A progressive lateral rupture of a seal below the crater lake and/or fluids migrating toward the surface is seismically recorded ∼ 15 min later as high-frequency bursts superimposed to tilt signals. At White Island, the hydrothermal system later ( ∼ 25 min) responds by radiating harmonic tremor at a fixed location that could be generated through eddy-shedding. These seismic signals shed light on several aspects of phreatic eruptions, their generation and timeline. They are mostly recorded at periods longer than tens of seconds further emphasizing the need to deploy broadband seismic equipment close to active volcanic activity.
Introduction
To date, significant progress has been made in forecasting volcanic eruptions involving substantial magma movement by using seismicity, deformation and gas emission monitoring (e.g., 2010 Merapi eruption, Surono et al. 2012) . Nevertheless, it remains challenging to detect and understand the signals preceding and accompanying phreatic explosions as those are lacking any extrusion of juvenile magma at the surface. Despite making up only 8 % of volcanic activity, phreatic eruptions are responsible for 20% of casualties (Mastin and Witter 2000) . These eruptions are also capable of injecting ash to high altitudes (several kilometers), resulting in severe impacts upon aviation and, therefore, on the overall economy. Hence, it is of paramount importance to understand the processes leading to phreatic eruptions and their geophysical signature that could be recorded by volcano monitoring networks. Following Stix and Moor (2018) , phreatic eruptions encompass steam-driven explosions generated by magma intruding fluvial sediments and aquifers, lava or pyroclastic flows interacting with surface water, geyser-like explosions driven by depressurization of near boiling-point subterranean geothermal water, and volcanic eruptions expelling hydrothermal systems formed during periods of repose (e.g., Barberi et al. 1992; Rouwet et al. 2014) .
In this study, we investigate broadband seismic signals recorded in the near field [i.e., the source-receiver distance is smaller than or comparable to the radiated wavelength [Aki and Richards (2002) , Lokmer and Bean (2010) ] during phreatic eruptions at two different volcanoes. Kawah Ijen volcano (East Java, Indonesia, Fig. 1a, b) has the largest hyperacidic crater lake on Earth with a volume of 27-30 million m 3 , a temperature of 30-45
• C and a pH of less than 0.5 (Caudron et al. 2015a) . Therefore, it is considered to be among the most dangerous volcanoes in Indonesia. Since 2010 several seismometers and lake monitoring sensors (see Caudron et al. 2015b Caudron et al. , 2017 for a description) have been installed in the crater area (Fig. 1b) providing a high-quality dataset (Caudron et al. 2015a) . After 6 years of quiescence, a period of hydrothermal unrest started in 2011 (Caudron et al. 2015b ). On 20 March 2013 sulfur miners working in the crater fled the volcano after they heard and felt subsurface explosions followed by an apparent increase in lake level. The photographs taken a week after this event display a lake covered by a white blanket instead of its usual turquoise color (Fig. 1c, d ). At the same time, the lake temperature reached 59
• C, the highest value ever recorded. White Island volcano (New Zealand, Fig. 2a, b) also has an active hydrothermal system and has experienced numerous phreatic eruptions in its history (Werner et al. 2008) . This study analyzes the seismic data associated with a short-lived phreatic eruption on October 3, 2013 during a period of unrest between August 2011 and January 2014 ( Fig. 2c ; Chardot et al. 2015) .
Due to their extended sensitivity over a wide frequency range and their wide dynamic range, broadband seismic instruments glean a wealth of data and provide invaluable information and insight. However, scrupulous data processing is necessary to reveal very-long-period (VLP) seismic signals with periods of a few tens of seconds and ultra-long-periods (ULP) with periods of several minutes (e.g., Neuberg et al. 1994; Kawakatsu et al. 2000; Kumagai et al. 2010; Chouet and Matoza 2013) . This study reveals and examines a variety of seismic signals recorded during the phreatic explosions on both target volcanoes. Similarities and differences are pointed out, and plausible mechanisms and physical models are presented and discussed.
Instrumentation and processing
At Kawah Ijen volcano, four seismic stations installed in the crater area recorded the March 2013 volcanic activity. Two Trillium 120P broadband seismometers with a corner period of 120 s which recorded seismic data at a sample rate of 200 Hz on Taurus digitizers are located on the crater rim (DAM, to the west, and POS to the north, Fig. 1b) , whereas one short-period kinemetric seismometer has been deployed on top of the southern peak (IJEN, Fig. 1b ) and another has been installed in the NNW side of the crater (KWUI, L4 sensor, Fig. 1b) . Hence, all instruments on Ijen have been monitoring seismic volcanic activity in the near field.
Seismic data from White Island have been recorded by two broadband seismic sensors (Guralp 3ESP) with a corner period of 60 s and are recorded on Quanterra Q330 digitizers at a rate of 100 Hz. The stations WSRZ and WIZ are part of the New Zealand seismic network GEONET. They are located to the NNW, and within the main crater complex, respectively (Fig. 2b) . The permanent stations are joined by two Trillium 120 s broadband seismometers (WI03 and WI04) that are recorded on Taurus digitizers at a sample rate of 100 Hz.
The seismic processing has been carried out using two different software packages, Obspy (Krischer et al. 2015) and PITSA (Scherbaum et al. 1992) , to ensure robustness 
Seismic data

Kawah Ijen seismicity
The increase in volcanic activity on March 20, 2013 at Kawah Ijen was characterized by an unprecedented seismic sequence reflecting an interplay between different physical sources. A succession of high-frequency bursts (HF, 1-20 Hz, Additional file 1: Fig. A.1 ) of variable durations between 3 and 10 min are clearly visible in the unfiltered velocity seismograms (Fig. 3a, b) . The horizontal components of the broadband sensors simultaneously recorded ultra-long-period oscillations (ULP) with dominant periods of 12-18 min embedding these HF bursts (Fig. 3d) .
It is remarkable that the ULP signals seen in both horizontal components are not visible on the vertical component (Fig. 3c) . This points to the generation by tilt since the horizontal components of broadband instruments are more susceptible to tilt than the vertical component. Gravity accelerates the seismometer mass in the downdip direction, if the instrument is tilted. Hence, tilt dominates over horizontal translation at periods below the seismometer's corner frequency (Wielandt and Forbriger 1999; Lyons et al. 2012) .
Three VLP signals with dominant periods around 8 s and superimposed low-amplitude shorter oscillations (down to 1 s, Fig. 4c, d ) have also been recorded during the eruption, with the first VLP actually initiating this seismic sequence. Another set of signals, which systematically and directly followed the VLPs, is visible in the displacement records only, i.e., after data processing (red window in Fig. 4a ). These oscillations last for up to 15 min and have distinct dominant periods at 17 s and 27 s, and less clearly at 50 s (Fig. 4b) . They are only captured by the broadband sensors, and most clearly at the station DAM which is located closest to the center of the phreatic activity (Fig. 1b) . It is noteworthy that the maxima and minima of the displacement signals are not in phase at the different seismic stations (Fig. 4a) . The data are high-pass filtered above the corner frequency of the sensors (i.e., 0.0833 Hz or 120 s period) to avoid any contamination from the ULP tilt previously described. These oscillations are detected on all seismic components; hence, VLPs and these induced long-lasting oscillations seem to occur independently from the tilt and HF bursts.
White Island seismicity
For White Island we focus on 10 h of seismic data recorded on October 3, 2013, during increased hydrothermal activity (Fig. 5) . The episode commenced, similar to Kawah Ijen, with a VLP (03:35 UTC) followed by a series of high-frequency bursts corresponding to a small steam eruption sequence lasting for several minutes. After a short seismic quiescence of about 20 min continuous tremor dominated the seismicity for about 8 h. The spectral lines in excitation of ∼ 1.3 s. The strictly parallel spectral lines in Fig. 6 are also volcanic in origin, but may include significant path and site effects which tend to obscure the original source spectral features (see Additional file 1: Fig. S1 ). The VLP that initiated the seismic sequence was followed by another VLP after about 7 h, completely embedded in the tremor sequence. Both VLPs have a dominant period of ∼ 10 s (Fig. 5) , well below the seismometer's corner period of 60 s, and therefore not affected by the instrument response. The pulsatory activity at the end of the sequence corresponds to 4 eruptions recorded by the acoustic network (12:26:28, 12:27:11, 12:35:28, 12:39:31) , possibly similar to the mud eruptions described in Jolly et al. (2016) .
VLP source locations
To constrain their origin, VLP source locations can be determined using particle motions (e.g., Kawakatsu et al. 2000; Neuberg and Pointer 2000) . By measuring the backazimuths at each station, the epicenter is determined by their intercept. After rotating the north-and east-components into radial and transverse, the radial component can be used together with the vertical component to constrain the source depth. A correction has been applied to account for the free-surface and topographical effects (Neuberg and Pointer 2000) , using a V P /V S ratio of 1.7 (Caudron et al. 2015b) . Results for the three VLPs recorded at Kawah Ijen are consistent with each other and define a source region located 700 ± 200 m below the bottom of the lake (Fig. 7b) . The back-azimuths point toward the epicenter at the SW side of the crater lake (Fig. 7a) . Furthermore, the first motion is pointing outward from the crater toward the W at station DAM and NE at station POS, suggesting an inflating source, followed by a deflation.
The first VLP is located using the aforementioned particle motion technique corrected for free-surface and topographical effects. The epicenter is SE of the crater lake, while the hypocenter has been estimated at 970 m below sea level (Fig. 7c, d ). The classic waveform semblance (Kawakatsu et al. 2000) , using the same parameters as in Jolly et al. (2017) , was also applied and gave a similar location (depth errors 700-1000 m, based on 2 % error limit from maximum semblance, 100 m semblance grid). The semblance (0.8375) and signal-to-noise ratio (9.9255) are particularly high compared to the VLPs analyzed by Jolly et al. (2017) , indicating reliable locations. The second VLP was also located in same area (within errors), but the semblance (0.6408) and SNR (5.8669) were much lower. Compared to Jolly et al. (2017) 's study, lower frequency limits were used due to the extended sensitivity of WI03-WI04 at long period (dominant period of 120 s).
Discussion
Several additional parameters have been measured during the phreatic eruption at Kawah Ijen. A sudden volcanic lake temperature increase has been recorded on 20 March coincident with the apparent lake level increase and explosions that caused the sulfur miners to leave. The lake volume increased by 1.38 million m 3 between 17 March and 18 April and the lake water temperature culminated to 59
• C a week after the eruption. Such lake volume and temperature increases are highly unusual; the lake volume typically increasing by 3 million m 3 during the entire rainy season and the lake temperature rarely exceeding 50
• C (Caudron et al. 2015a ). The photos taken on 27 March show that the whole white lake surface was evaporating. A physical interaction between magma and water would likely trigger explosions at the surface and decrease the lake volume through vaporization as it has been observed for example during the 2007 eruption at Kelud volcano (Caudron et al. 2012 ). This phreatic eruption may therefore be characterized by a sudden input of hydrothermal fluids without any direct magma interaction with the lake.
In the following, we interpret the HF bursts and tilt as well as the VLPs and the long-lasting oscillations separately.
Mechanisms for VLPs and long-lasting oscillations
We first investigate the possible mechanisms that could generate VLP events (Fig. 4c) . VLPs are rarely recorded at these volcanoes and seem to trigger long-lasting oscillations in the Kawah Ijen volcanic lake. Since no magma reached the surface, the most likely source mechanisms lie in the hydrothermal reservoir. At Ruapehu volcano (New Zealand), (Jolly et al. 2010) observed VLP pulses at 3-7 km depth prior to the phreatic eruption associated with volumetric contraction probably due to fluid migration, followed by VLP signals linked with material emission. At Ontake (Japan), a VLP located at a depth of 300-1000 m below the eruptive vents preceded the 2014 phreatic eruption by 25 s (Maeda et al. 2015a) . A subvertical tensile crack may have opened due to ascending We used a window of 512 samples with a 25-sample overlap to create the spectrogram gas that eventually triggered the eruption (Maeda et al. 2015a) . At Mayon volcano (Philippines), (Maeda et al. 2015b ) ascribed a VLP recorded during the eruption to boiling of underground water in a shallow and subhorizontal tensile crack producing inflation followed by a deflation during discharge of water vapor. At Aso volcano (Japan), (Kawakatsu et al. 2000) interpreted the VLP source as caused by activity in a hydrothermal reservoir induced by hot gases leaking from a deep-seated magma chamber. The shallow crack (1-1.5 km beneath the crater) inflates prior to an eruption and deflates during the discharging stage. At Satsuma-Iwojima volcano (Japan), (Ohminato 2006 ) involved a water-filled crack connected to a network of gas pockets separated by narrow constricted pathways. Using a dense seismic deployment at Asama (Japan), (Maeda and Takeo 2011) linked VLP events to an influx of gas into a shallow cavity. In conclusion, as recently highlighted by Stix and Moor (2018) , VLP signals appear to be reliable indicators of pressurization of the shallow hydrothermal system, although the timescales of pressurization may be variable.
It is worth highlighting the remarkable agreement between our VLP source location at White Island and Jolly et al. (2017)'s ones in 2011 during a sequence of VLP. The depths for VLPs at Kawah Ijen interestingly fall in the same range, i.e., 700-900 m. Jolly et al. (2017) ascribed VLPs to repeating excitations of a stationary crack above a shallow magma storage region during strong gas flux periods. Gas escape where the magma column convection ceases; conductive heat losses leading to crystallization of microlites and consequent increasing viscosity (Stevenson and Blake 1998). The gas can be trapped behind a ductile carapace and, hence, accumulate, until enough gas pressure is achieved to break through the carapace (Jolly et al. 2017 ). This ductile carapace behaves as an impermeable shell and would correspond to zones of hot and weak rock with strong V p . A surface correction is applied following Neuberg and Pointer (2000) . At White Island we also applied the waveform semblance method (Jolly et al. 2017) /V s contrasts (and high poisson ratios) (Dawson et al. 1999) . The failure of a magma carapace due to the release of fluids acts as the source of VLP; the high waveform coherence between individual VLPs in Jolly et al. (2017) indicating the repeating nature of such process. The crack generally releases gases passively, but during periods of high flux, the gas would produce discrete VLPs (Jolly et al. 2017) . Under low flux conditions, the magma carapace may have sufficient permeability to allow unhindered gas migration to shallower depth. A large gas pulse, however, may exceed the confining pressure of the carapace and promote rupture within VLP source frequencies. Such conceptual model appears viable and could explain the triggering of VLPs at both volcanoes. What happens in the aftermath appears crucial to understand the generation of phreatic eruptions. VLPs may influence the shallow hydrothermal system in different ways. They may impart both rapid stress pulses and mass pulses. The long-lasting signals at Kawah Ijen directly follow VLPs (Fig. 4) . Modeled migration rates for gas ascent in a single-phase gas system suggest time lags from 30 min to 2 h at the given VLP depth (O'Brien and Bean 2008). Such rates are too slow to instantaneously trigger long-lasting oscillations at Kawah Ijen, leaving us with stress change as the most plausible mechanism. The attendant mass pulses could later affect the system, e.g., through the generation of HF bursts.
We next interpret these long-lasting oscillations as caused by a so-called seiche (Fig. 4a) . A seiche is an eigenoscillation or resonance of an enclosed body (Aster et al. 2003) of water caused by the flexure of the solid Earth in response to a standing water wave (McNamara et al. 2011) , hence in our case the resonance of a crater lake, triggered by the phreatic explosion and represented by the VLP. The period of a seiche, T, is linked to the dimensions of an irregular basin in which it takes place and is expressed by the Merian's formula (Merian 1828): where L is the length of the basin, h is the mean depth of the basin and g is the acceleration due to gravity (g ∼ 9.81 m/s 2 ). For n = 1 , T is the period of the fundamental mode, while n = 2, 3, . . . denote higher harmonics.
Using the dominant periods of the oscillations recorded at the broadband stations POS and DAM, T = 27 s and 50 s and assuming a mean depth of the lake of h = 90 m, derived from bathymetric measurements (Caudron et al. 2015a ), we find dimensions L for the lake of ∼ 400 m and ∼ 740 m which is in reasonable agreement with the average width and length of the crater lake, respectively. The period of 17 s can be interpreted as the third overtone
n gh of the length of the lake which is observed at the station DAM, while the station POS is dominated by the second overtone (27 s) that corresponds to the NNW-SSE width of the crater lake (Fig. 1a) . The absence of a seiche signal following the VLPs at White Island is easily explained by the fact that White Island's crater lake is too shallow to develop a resonance.
Mechanisms for high-frequency bursts at Kawah Ijen
A last observation comes from the analysis of amplitude ratios at Kawah Ijen. Following Taisne et al. (2011) , amplitude ratios across the four seismic stations of Kawah Ijen were computed in the 5-15 Hz band ( Fig. 8 and "Appendix"). Temporal changes of amplitude ratios can be due to a change in the attenuation or velocity of seismic waves or to a change in source location. At the timescale of a few hours, the change in source location is favoured. Due to the relatively high frequency, and the scattering of the medium, the source is assumed to be isotropic (Taisne et al. 2011; Morioka et al. 2017; Caudron et al. 2018 ). We only consider two types of migration: a vertical and a lateral migrating source. A downward migration of seismic source has only been observed prior to the 2014 Ontake eruption (Ogiso et al. 2015) and is therefore considered as less plausible. The consistent change in ratios across the network between 16:00 (UTC) and 17:00 (UTC) is therefore ascribed to a lateral or upward source migration (Fig. 9) . Without locating the source itself, we can still estimate where the migration occurred. For example, the increase in IJEN/POS ratio indicates a source progressively moving close to IJEN than POS. Assuming a vertical upward migration of the seismic source, an increase in the IJEN/ POS ratio could be explained by a source located to the south of the equal-distance line between the IJEN and POS stations. This approach is applied to the different pairs of stations to constrain the possible location at the surface. With the additional assumption for the lateral migration that the migration occurs within the region defined by the network. A level of confidence (ranging between 5 and 20) is assigned to each region defined by the equal-distance line for a station pair based on a qualitative estimate of the steps in amplitude ratio. The most probable area extracted from this qualitative analysis corresponds to the whitest polygon in Fig. 9 . This migration is interpreted as a vertical fluid injection that generated micro-fracturing in the shallow volcanic-hydrothermal system or as a progressive lateral rupture of a seal located below the lake bottom.
HF bursts were accompanied by ULP signals on horizontal components. At Aso volcano, Japan, ultra-longperiod (>100 s) displacements, recorded on vertical and horizontal channels, often preceded eruptions by a few minutes, which Kawakatsu et al. (2000) attributed to a gradual increase in fluid pressure. Vandemeulebrouck et al. (2014) hypothesized that the ∼ 4 min period ULPs recorded at Lone Star Geyser (USA) are generated by the slow ascent of vapor slugs that appear to behave independently from geyser eruption cycle. It is difficult to constrain the origin of the ULP tilt signal at Kawah Ijen with only two broadband sensors.
We noted that the first HF burst at Kawah Ijen only occurred ∼ 15 min after the first VLP. This delay time may be a key feature of this sequence and will help us to explore the mechanism that generates such HF bursts. HF bursts are interpreted as gas slugs rather than stress changes since the modeled migration rates [O'Brien and Bean (2008) and discussion above] are relatively consistent with our observations. HF bursts could reflect the response of the shallow hydrothermal system to mass pulses transferred from VLP depths. The shallow tremor would represent the failure of a shallow seal located at the bottom of the lake. The development of shallow seals, formed by the precipitation of sulfur, has been proposed at White Island (Christenson et al. 2017) . Likewise, the development of a sulfur seal appears likely at Kawah Ijen (Takano et al. 2004) .
A rapid temperature or pressure change may perturb a system beyond a metastable state and force it into an unstable state resulting in a spontaneous and explosive phase separation. This is sometimes referred to as spinodal decompositions and occurs throughout the fluid (e.g., Favvas and Mitropoulos 2008; Thiéry and Mercury 2009a) . Therefore, a liquid heated rapidly into a metastable state (Ohminato 2006) would generate a particularly a b Fig. 8 Source migration of HF bursts. a Logarithm of the envelope of the seismic energy (filtered between 5 and 15 Hz) arriving at each seismic stations. Data are smoothed using a 10 min sliding median filter. b Ratios of seismic energy, station 1 /station 2 , recorded across the network. Considering vertical or horizontal migration, an increase in this ratio corresponds to a source getting closer to station 1 , while a decrease correspond to a source getting closer to station 2 , see text for more details violent explosion if it crosses the liquid spinodal line (Fig. 10a, b) . At the bottom of Kawah Ijen volcanic lake, pressures are close to 2 MPa and temperatures around 200
• C (Caudron et al. 2015b) , while temperatures are >119
• C and pressures do not exceed ∼ 1 MPa at White Island (Christenson et al. 2017) . Although these conditions would not allow violent liquid-to-gas phase changes in a pure water-water system at Kawah Ijen (light blue rectangle in Fig. 10a ), a binary H 2 O-CO 2 system would allow for rapid phase changes, i.e., the liquid spinodal line shifts to lower temperatures (orange dashed curves in Fig. 10b ). Significant amounts of CO 2 have been measured within the Kawah Ijen lake (Caudron et al. 2016) , whereas significant CO 2 concentrations with mole fractions of CO 2 higher than 0.12 at White Island (Werner et al. 2008) . Hence, at both volcanoes, failure of a seal could reflect the response of the shallow system due to mass transfer induced by VLPs that would tens of minutes later trigger sudden phase changes. This could be consistent with the explosions heard by the sulfur miners at Kawah Ijen, while they were working in the crater.
Source mechanism for harmonic tremor at White Island
The most remarkable feature in the 8-h tremor sequence on White Island is the highly periodic excitation mechanism ) acting every 1.0-1.3 s (at its onset and at its end, respectively) which is likely a source effect since it is observed at both stations at exactly the same frequencies. Furthermore, these lines in the spectrogram suggest a repetitive, identical source mechanism at the same source position. A migrating source, as in the case of Kawah Ijen, would produce waveforms evolving with time, prohibiting the generation of sharp lines in the spectrogram. Taken these observations together, we assume a highly periodic source mechanism at a fixed source location over at least 8 h. Such a source mechanism rules out any brittle failure of rock within the volcanic edifice, but points to the generation of pressure pulses within fluid flow. So-called eddy-shedding (Julian 1994 ) when fast flowing hydrothermal fluids squeeze through obstructions in their pathways could be one mechanism that could explain the observed features of the tremor signature. An alternative mechanism has also been proposed for dome building eruptive settings and consists of the brittle failure of viscous magma in glass transition Collier and Neuberg 2006) . If the shear stress at specific locations in the volcanic plumbing system exceeds the threshold of yield strength of the magma, brittle failure in the melt phase will occur. However, it is uncertain if the magma system Fig. 9 Source location of HF bursts (the transparent triangles relate to a level of confidence in amplitude ratio locations, whiter shades corresponding to more probable locations whereas darker to less probable). The amplitude ratios between 5 and 15 Hz were used to estimate the most likely source locations [between 16:00 and 17:00 UTC (Fig. 8b) ]. The polygon shows the most probable source location for a vertical migration whereas the arrow highlights the possible trajectory of the lateral migration inferred for White Island (e.g., Cole et al. 2000 ) is capable of producing magmatic failure in the glass transition as described here. At the Earths' surface, non-periodic excitations due to gas slugs, have been shown to produce spectral signals that have harmonic characteristics and may relate to energy burst dynamics of the slug (Jolly et al. 2016) . In the present case, the gliding spectral lines imply instead a systematically evolving repeated triggering that more likely related to constricted flow within the shallow hydrothermal system".
Conclusions
In this study, we explore with mainly seismological means phreatic eruptions and the hydrothermal systems responses at two similar volcanoes, Kawah Ijen, Indonesia and White Island, New Zealand. We focus on periods of phreatic eruptions which are currently not fully understood, but pose, nevertheless, a considerable volcanic hazard claiming time and again some human lives. By carefully processing broadband seismic signals, we disclose seismic signatures and characteristics often buried in unprocessed velocity seismograms. These signals shed light on several aspects of phreatic eruptions, their generation and timeline.
On both volcanoes, Kawah Ijen and White Island, the phreatic eruptions are initiated with a VLP, followed by further VLP activity. Using seismic particle motion analysis, these events are located at depths between 700 and 900 m below the crater region. Given this depth and the corresponding pressure, we suggest a trigger mechanism that is induced by release of gas trapped behind a ductile magma carapace. The seismic energy released subsequently triggers an eigen-oscillation or seiche of the crater lake at Kawah Ijen. The seismicity exhibits long-lasting, long-period oscillations with characteristic periods that can be linked to the dimensions of the crater lake. Subsequent high-frequency bursts superimposed to tilt signals suggest further fluid migration and corresponding changes in the shallow hydrothermal system, either associated with the lateral rupture of a seal or the rise of fluids to the SW of the crater lake. While the migration manifests itself ∼ 15 min later as migrating high-frequency tremor at Kawah Ijen, harmonic tremor is recorded ∼ 25 min after the VLP at White Island and occurs at a fixed location possibly generated by pressure pulses within fluid flow. Overall, most of the seismic signals described and analyzed here were not captured by short-period seismometers. This fact further emphasizes the need to deploy broadband seismic equipment close to active volcanic activity. (Wagner and Pruß 2002) . In a and b the blue line is the vapor-pressure curve or saturation curve (Sat.) while the red line are the spinodals. Sp(G) is the gas spinodal, Sp(L) is the liquid spinodal. The three lines meet at a critical point (CP). SCG denotes supercooled gas, while SHL denotes superheated liquid. In b the orange dashed curves represent the liquid spinodals for the H 2 O-CO 2 critical curve (CC). The light and dark blue rectangles correspond to P-T conditions beneath the presumed seal regions at Kawah Ijen (Caudron et al. 2015b ) and White Island (Christenson et al. 2017) , respectively. After Thiéry and Mercury (2009a) , Thiéry and Mercury (2009b) and modified from Matoza and Chouet (2010) , Chouet and Matoza (2013) 
